The plasma membranes of eukaryotic cells are organized in an asymmetric manner for normal 2 cellular function. At rest, polar and charged lipids are sequestered to the inner leaflet by the activity 3 of ATP-driven pumps. Activation of a specialized class of membrane proteinsphospholipid 4 scramblasescauses rapid collapse of this asymmetry and externalization of negatively charged 5 phosphatidylserine molecules. As a result, extracellular signaling networks, controlling processes 6 such as apoptosis, blood coagulation, membrane fusion and repair, are activated 1,2 . The TMEM16 7 family of membrane proteins includes phospholipid scramblases and Clchannels 3 , all of which 8 are Ca 2+ -dependent. Prior structural and functional analyses of the fungal TMEM16 scramblase 9 from Nectria haematococca identified a membrane-exposed hydrophilic groove that serves as the 10 lipid translocation pathway 4-8 . In the TMEM16A channel, this pathway is sealed from the 11 membrane, thus preventing lipid access and enabling ion permeation 9,10 . However, the 12 mechanisms underlying Ca 2+ -dependent gating of TMEM16 scramblases, and their effects on the 13 surrounding lipid bilayer, remain poorly understood. Here we describe three high-resolution cryo-14 electron microscopy structures of a fungal scramblase from Aspergillus fumigatus, afTMEM16, 15 reconstituted in lipid nanodiscs. Differences between the Ca 2+ -free and Ca 2+ -bound states reveal 16 that Ca 2+ binding induces a global rearrangement of the transmembrane and cytosolic regions, 17 which causes the lipid pathway to open. Further, comparison of these structures and a third in the 18 presence of a long-chain inhibitory lipid, together with functional experiments, reveal that 19 scramblases cause profound remodeling of the surrounding membrane. Specifically, scramblase 20 activation causes the bilayer to thin at the open lipid pathway and the outer leaflet to bend towards 21 the center of the bilayer at the dimer interface. We propose a model in which trans-bilayer lipid 22 movement is enabled by these membrane and protein rearrangements and provide a general 23 mechanistic framework for phospholipid scrambling.
In the absence of Ca 2+ , the afTMEM16 lipid pathway is closed to the membrane by a pinching 23 motion of the extracellular portions of TM4 and TM6, which move toward each other by ~7 and 24 ~3 Å, respectively (Fig. 2c ). This leads to tighter packing of side chains from TM4 and TM6 and 25 results in exposure of a hydrophobic surface to the membrane core (Fig. 2f ). The narrowest access 26 point of the lipid pathway constricts from ~5 to ~1 Å preventing lipid entry Extended 27 Data Fig. 5h ). The pathway is also closed to ion entry by multiple stacked aromatic and 28 hydrophobic side chains from TM3-7 (Extended Data Fig 5i) . Residues that are important for 29 scrambling 5,7 cluster between helices that rearrange upon Ca 2+ binding (Extended Data Fig. 5j-k) , 30 supporting the dynamic nature of these interfaces. arrangement of the afTMEM16/nanodisc complex is less pronounced in the absence of Ca 2+ (Fig.   23 3a,b, Extended Data Fig. 6e-f ). This raises the possibility that the acentric disposition of the protein 24 within the nanodisc membrane depends on the activity and conformation of the protein.
25
3D reconstructions of the afTMEM16/nanodisc complexes with and without Ca 2+ show 26 that the scramblase remodels the lipid bilayer near the translocation pathway and at the dimer 27 cavity ( Fig. 3a-c) . In the presence of Ca 2+ , the density of the nanodisc near the lipid transport 28 pathway is less than in the rest of the complex (Fig. 3a, inset) . In contrast, in the absence of Ca 2+ 29 the density in this region is comparable to the rest of the nanodisc (Fig. 3b, inset) . This suggests 30 that the membrane is thinner near the lipid pathway of an active scramblase, consistent with recent proposals 7, 8, 12 . The 3D reconstructions additionally reveal a thickening of the membrane around 1 the long TM3 in one monomer and thinning by ~20% at the short TM1 of the other, resulting in a 2 pronounced bending of the upper leaflet near the dimer cavities (Fig. 3c ). The membrane slant 3 matches the tilted plane defined by the extracellular ends of the five cavity-lining helices (Fig. 3c ). 4 The shortest ones (TM1 and TM2) are unusually rich in aromatic side chains (Fig. 3c ), which 5 anchor TM segments to membrane/solution interfaces 20 , creating a favorable environment for both 6 phospholipid headgroups and tails. This architecture is conserved in the nhTMEM16 scramblase 7 (Extended Data Fig. 6h-j) . However, the TMEM16A channel has longer TM1, with fewer 8 aromatics, and a shorter TM3 (Extended Data Fig. 6i ) explaining the lack of membrane remodeling 9 upon its reconstitution in nanodiscs 9 . A quantitative analysis of the nanodisc density at the 10 pathway and dimer cavities supports our observation that activation of afTMEM16 bends the upper 11 leaflet near the dimer cavity and thins the membrane near the translocation pathway (Extended 12 Data Fig. 7) . 13 The hypothesis that afTMEM16 thins the membrane near the lipid pathway during 14 scrambling makes two testable predictions: thicker membranes should impair scrambling and the 15 membrane density at the pathway should be higher when scrambling is inhibited. Indeed, when 16 membrane thickness was increased from ~38 to ~45 Å using lipids with longer acyl chains 21 , the 17 rate of scrambling, determined with a dithionite-based fluorescence assay 12,18 , was reduced ~500-18 fold in the presence of Ca 2+ (Fig. 3d , e Extended Data Fig. 8a-d ). To identify scrambling inhibitors, 19 we considered naturally-occurring bilayer-modifying constituents of cellular membranes. In 20 particular, we tested ceramides because they regulate cellular processes that involve activation of 21 phospholipid scramblases, such as blood coagulation, inflammation and apoptosis [22] [23] [24] [25] [26] . We found 22 that addition of physiological levels of long chain ceramides potently inhibits scrambling by 23 reconstituted afTMEM16 ( Fig. 3f ). Among the tested ceramides, Ceramide 24:0 (C24:0) inhibits 24 scrambling ~250-fold when added at 5 mole% (Fig. 3f ). The inhibitory effect depends on ceramide 25 concentration, with minimal effects at 1 mole% and saturation, as C24:1 is nearly inert (Fig. 3f, 26 Extended Data Fig. 14) . The length of the ceramide acyl chain is also important as C22:0 is as 27 potent as C24:0 while C18:0 has minimal effect at 5 mole% (Fig. 3f, . 28 We used a gramicidin-based fluorescence quench assay 27 to investigate whether C24:0 and C24:1 29 differentially affect bulk membrane properties, such as thickness and fluidity. The assay monitors 30 alterations in the gramicidin monomerdimer equilibrium, which varies with changes in membrane thickness and elasticity 28, 29 . Addition of C24:0 or C24:1 comparably reduces 1 gramicidin activity (Extended Data Fig. 8l -n), indicating that both ceramides stiffen and/or thicken 2 the membrane to a similar extent. The comparable effects of C24:0 and C24:1 on membrane 3 properties suggest that their distinct effects on afTMEM16 scrambling might reflect specific 4 interactions with the scramblase and/or their differential ability to form gel-like microdomains in 5 membranes 30-32 . 6 To understand how ceramides affect scrambling, we determined the 3.6 Å resolution 7 structure of Ca 2+ -bound afTMEM16 in nanodiscs containing 5 mole% C24:0 (Extended Data Fig.   8 1, 3), a concentration that fully inhibits activity (Fig. 3f ). The protein adopts a conformation where 9 the lipid pathway is open to the membrane and both Ca 2+ -binding sites are occupied (Extended 10 Data Fig. 3j, 9a ), and is nearly identical to the Ca 2+ -bound active state, with an overall rmsd<1 Å 11 (Extended Data Fig. 9b ). No individual lipids are resolved within the pathway, while several partial 12 lipid chains are visible in the dimer cavity (Extended Data Fig. 4c ). Interestingly, although the 13 protein adopts an active conformation, the surrounding membrane more closely resembles that of 14 the Ca 2+ -free than the Ca 2+ -bound complex: the upper leaflet is less bent at the dimer cavity and 15 the density near the pathway is comparable to that of the rest of the nanodisc (Extended Data Fig.   16 6g, 9c-d). Indeed, in this complex the relative densities of the lipid pathway and dimer interfaces 17 are similar to those seen in the Ca 2+ -free complex (Extended Data Fig. 7 ). Thus, ceramide-18 mediated inhibition of scrambling reduces nanodisc remodeling, even though afTMEM16 is in an 19 open conformation. These results are consistent with the idea that phospholipid scrambling entails 20 a thinning of the membrane near the lipid transport pathway. Finally, our findings show that while 21 the conformation of the lipid translocation pathway is controlled by Ca 2+ binding, the physico-22 chemical properties of the membrane determine whether lipid scrambling actually occurs.
23
Our structural and functional experiments provide detailed insights into the activation 24 mechanism of TMEM16 phospholipid scramblases ( Fig. 1 , 2) and how these proteins remodel the 25 surrounding membrane to facilitate the transfer of lipids between leaflets (Fig. 3) . The Ca 2+ -free 26 and Ca 2+ -bound structures of afTMEM16 define the extremes of the Ca 2+ -dependent activation 27 process and suggest that opening of the lipid pathway is controlled by two structural elements, 28 TM4 and TM6 ( Fig. 1, 2) . Without Ca 2+ , TM4 and TM6 are bent, sealing the pathway from the 29 lipid membrane (Fig. 4a ). The first step in activation is presumably Ca 2+ binding, which facilitates 30 the transition of TM6 to a straight conformation and its disengagement from TM4, allowing TM6 to move towards TM8 and complete the formation of the Ca 2+ binding site (Fig. 4b ). The resulting 1 conformation is similar to that of Ca 2+ -bound TMEM16A, where TM6 is straight but lipid access 2 is prevented by a bent TM4 9,10 . Straightening of the TM4 helix opens the lipid pathway to enable 3 lipid translocation, as seen in Ca 2+ -bound afTMEM16 and nhTMEM16 ( Fig. 4c ) 4 . To complete 4 the gating scheme, we propose a state where TM4 is straight and TM6 is bent ( Fig. 4d ), which 5 would give rise to a partially opened lipid pathway. This conformation, while not yet observed 6 experimentally, would account for the low, basal activity of reconstituted scramblases in the 7 absence of Ca 2+ (Extended Data Fig. 8 ) 4, 7, 11, 12, 18 . Within this gating mechanism, Ca 2+ -activated 8 TMEM16 channels would naturally arise from scramblases via mutations that render straightening 9 of TM4 unfavorable, while maintaining the Ca 2+ -dependent rearrangement of TM6 ( Fig. 4a,b ) 9,10 .
10
Indeed, in the Ca 2+ -free afTMEM16 scramblase, the pathway and cytosolic domain adopt 11 conformations similar to those seen in the TMEM16A channel (Extended Data Fig. 10 ). Mutations 12 that convert TMEM16A into a scramblase 5,6 might re-enable the TM4 transition. Quantification of the scrambling rate constants by afTMEM16 was determined as recently 13 described 7,12 . Briefly, the fluorescence time course was fit to the following equation
Where Ftot(t) is the total fluorescence at time t, Li PF is the fraction of NBD-labeled lipids in the to be L=(5.4±1.6) . 10 -5 s -1 (n>160). For WT afTMEM16 and most mutants the leak is >2 orders of 27 magnitude smaller than the rate constant of protein-mediated scrambling and therefore is 28
negligible. All conditions were tested side by side with a control preparation in standard 29 conditions. In some rare cases this control sample behaved anomalously, judged by scrambling fit parameters outside 3 times the standard deviation of the mean for the WT. In these cases the whole 1 batch of experiments was disregarded. without binning and refined without enforcing symmetry using an initial model generated in Initial refinement of the afTMEM16 dataset in 0.5 mM CaCl2 (referred to as "+Ca 2+ ") 1 resulted in a map with a resolution of ~7 Å. The protein was symmetric, with the exception of the 2 resolved portion of TM6 in each monomer (Extended Data Fig. 2d ). The complex was however 3 not two-fold symmetric due to the off-center placement of the protein within the nanodisc 4 (Extended Data Fig. 2c ). Therefore, data processing was carried out in parallel with C2 symmetry 5 and without enforcing symmetry (in C1 symmetry). The particles from first C1 refinement were 6 subjected to an additional round of 3D classification, using a mask that excluded the nanodisc and 7 maintaining the particle orientations determined by the previous refinement. The best class from 8 3D classification with 27,948 particles was selected for further refinement and particle polishing. 9
Masked refinement following particle polishing resulted in a 4.36 Å final map. To refine with C2 10 symmetry, the particles were polished and the nanodisc was removed using signal subtraction in 11 Relion and the subtracted particles were refined using C2 symmetry, resulting in a 4.5 Å map.
12
Using this map, a similar procedure to the C1 processing was carried out in which the best two 13 classes from 3D classification without alignment applying a mask including the protein (37,146 14 particles) were selected for further refinement. Masked refinement of these classes yielded a 4.05
15
Å final density map. The C1 and C2 density maps were extensively compared and determined to 16 be nearly identical except for the resolved portion of TM6 (Extended Data Fig. 2e ). The C2 map 17 was used for model building while the C1 map was used for analysis of the afTMEM16/nanodisc 18 complex.
19
For the Ca 2+ -free data set (referred to as "0 Ca 2+ "), the first refinement resulted in a map 20 with a resolution of ~6 Å. As with the +Ca 2+ sample, the protein was two-fold symmetric with the 21 exception of the resolved portion of TM6 and the overall afTMEM16/nanodisc complex was not 22 symmetric (Extended Data Fig. 2c-d) . Therefore, data was processed in parallel using both C1 and 23 C2 symmetries as described above. The C1 map was classified and the best class from 3D 24 classification with a mask excluding the nanodisc (38,550 particles) was selected for further 25 refinement and particle polishing. Masked refinement following particle polishing resulted in a for the +Ca 2+ structure was built using the refined +Cera structure (PDBID 6E1O) as an initial 28 model, that was docked into the +Ca 2+ density using the jigglefit script in COOT 45
29
(https://www2.mrc-lmb.cam.ac.uk/groups/murshudov/index.html), manually inspected, and 30 refined using real space refinement in PHENIX as above 46, 47 . The final model contains residues 13-54, 60-119, 128-258, 270-312, 316-400, 420-460, 490-594, 602-659 and 705-724, -54, 60-119, 128-258, 270-312, 316-400, 420-460, 490-594, 602-659 and 705-724, and 7 the following residues were truncated due to missing side chain density: D17, F36, R53, K70, E94, 8 K100, Q102, E132, K241, H247, R250, K257, E310, K317, K634, K642, Y654, R704, R708, 9 E714, E717. For all three structures, the density in the regions of TM3 and TM4 and the connecting 10 loop (residues 274-352) was less well-defined than remainder of the structure and the model may 11 be less accurate in this area.
13
To validate the refinement, the FSC between the refined model and the final map was calculated 14 (FSCsum) (Extended Data Fig. 11 ). To evaluate for over-fitting, random shifts of up to 0.3 Å were 15 introduced in the final model and the modified model was refined using PHENIX against one of 16 the two unfiltered half maps.. The FSC between this modified-refined model and the half map used 17 in refinement (FSCwork) was determined and compared to the FSC between the modified-refined 18 model and the other half map (FSCfree) which was not used in validation or refinement. The 19 similarity in these curves indicates that the model was not over-fit (Extended Data Fig. 11) . The 20 quality of all three models was assessed using MolProbity 48 and EMRinger 49 , both of which 21 indicate that the models are of high quality (Extended Data Fig. 11 ).
23
Difference map calculation 24 To compare the maps resulting from C1 and C2 processing in the 0 Ca 2+ and +Ca 2+ structures, we 25 calculated a difference map between the two volumes using the volume operation subtract function 26 in chimera 50 (Extended Data Fig 2e) . We used 'omit density' to assign the placement of several 27 lipids in the 0 Ca 2+ and +Cera structures and the Ca 2+ ions in the +Ca 2+ and +Cera structures which 28 were calculated using the 'phenix.real_space_diff_map' function in PHENIX 9,46,47 . Briefly, 29 completed models without the ligand in question were used to generate a theoretical density map which was subtracted from the experimental density map. In the subtracted map, areas of ligand 1 density appeared as positive density. Density maps containing the nanodisc for all three structures were low pass filtered to 10 Å and 5 scaled to a standard deviation of 1 (Chimera UCSF). All maps were aligned and resampled on the 6 same grid and set to the same color. Images of 6.5 Å thick cross-section near the mid-point of the 7 membrane (Extended Data Fig. 7d ) at different σ thresholds was analyzed using ImageJ 51 8 (Extended Data Fig. 7a-c) . In these images, a gray pixel denotes a point where the value of the 9 density is above σ while a black one denotes a point where the density signal is below σ. The 
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The fluorescence quench rate therefore was determined as described 27 by fitting the time 20 course to a stretched exponential function 53 :
F(t) denotes the fluorescence intensities at time t;  (0 <  ≤ 1) is a parameter that accounts for the 23 dispersity of the vesicle population; and o is a parameter with dimension of time. Supplementary Information is available. 
Figure Legends

